The functional barrier of mammalian skin is generally accepted to reside mainly in the stratum corneum (SC). Recently, the proteins of tight junction (TJ), which is a major regulator of barrier function in simple epithelia has also been identified in human skin.[@B1] In the inflammatory diseases of the intestine, many cytokines have been reported to affect TJ barrier status. Moreover, there is increasing evidence now that TJ in skin, which localizes in stratum granulosum (SG),[@B2] also contribute to epidermal barrier formation.[@B3]-[@B5] Among TJ proteins, claudin (Cldn)-1 and Cldn-4 have been demonstrated to have a role in barrier function of the skin.[@B3]-[@B5] Cldn-1 null mutant mice showed normal SC structure, however died shortly after birth with increased transepidermal water loss (TEWL).[@B3] Moreover, mutations in the Cldn-1 gene cause neonatal sclerosing cholangitis with ichthyosis which is associated with impaired barrier function.[@B4] A recent study suggested that Cldn-4 also plays a role in barrier function with observation that the diffusion of 550 Da tracer which was normally stopped at TJ areas was no longer blocked in skin incubated with ochratoxin A that removes Cldn-4 from the TJ structure.[@B5] TJs are highly dynamic structures which transiently open and close in response to numerous stimuli such as pathogens,[@B6] UV irradiation,[@B5] and wounding.[@B7] Because skin is the first barrier to external stimuli, the regulation of TJ in response to external stimuli is important; however, little is known about the physiological relationship between SC barrier and TJ function and the regulatory mechanisms for TJ barrier homeostasis *in vivo*.

In the present study, we investigated the effect of SC barrier disruption on the expression of TJ proteins, Cldn-1 and Cldn-4, and TJ barrier function in murine epidermis and whether the epidermal calcium gradient change, as a result of SC barrier disruption, may modulate TJ protein expression.

Hairless female mice, aged 8-10 weeks old, were used for this study. The epidermal permeability barrier was disrupted by repeated tape-stripping on the flank with cellophane tape until the TEWL reached 35 mg/cm^2^/h and skin samples for immunofluorescence staining, real-time polymerase chain reaction (PCR), western blot and lanthanum permeation assay were taken from the treated area at 15 minutes, 30 minutes, 1 hour, 3 hours, and 6 hours after each treatment (n=5 from each group). Then, to modulate epidermal Ca^2+^ gradient, two independent methods including immersion in solution with calcium ions and occlusion were performed. For the immersion experiment, the barrier-disrupted flank of mice were submerged in phosphate buffered saline solution containing 1.8 mM calcium immediately after tape-stripping for 15 minutes, 30 minutes, 1 hour, 3 hours, and 6 hours. For occlusion study, the hairless mice were wrapped with vapor-impermeable membranes or air-exposed immediately after tape-stripping for 15 minutes, 30 minutes, 1 hour, 3 hours, and 6 hours. After each time point, specimens were taken for immunofluorescence staining.

In the untreated murine epidermis, Cldn-1 was expressed in the intercellular spaces throughout all living layers, whereas Cldn-4 was restricted in SG ([Fig. 1A](#F1){ref-type="fig"}). At 15 and 30 minutes after tape-stripping, the reduction of Cldn-1 immunofluorescence from the granular and spinous layers was observed. However, by 1 hour, Cldn-1 expression recovered and by 3-6 hours, Cldn-1 immunoreactivity was slightly increased ([Fig. 1A](#F1){ref-type="fig"}). The immunofluorescence study for Cldn-4 showed a similar pattern of expression change in response to tape-stripping. At 15 and 30 minutes after tape-stripping, the intensity of Cldn-4 immunostaining was slightly decreased ([Fig. 1A](#F1){ref-type="fig"}). By 1-3 hours, Cldn-4 expression recovered and even increased at 6 hours after tape-stripping ([Fig. 1A](#F1){ref-type="fig"}). Cldn-7, occludin and ZO-1 immunoreactivity did not change. To confirm that these staining pattern changes are due to the change of gene and protein levels, we examined Cldn-1 and Cldn-4 mRNA and protein levels by real-time PCR and western blot. We found no statistical differences in Cldn-1 and Cldn-4 mRNA level and downregulation of protein level between untreated and tape-stripped group at 15 and 30 minutes after treatment ([Fig. 1B-E](#F1){ref-type="fig"}). Moreover, by 1-6 hours, Cldn-1 and Cldn-4 mRNA expression was significantly increased in comparison to controls ([Fig. 1B and C](#F1){ref-type="fig"}). The increase in band intensity of Cldn-1 and Cldn-4 from western blot images was also observed at 1, 3, and 6 hours after tape-stripping ([Fig. 1D](#F1){ref-type="fig"}).

To investigate whether SC barrier disruption-induced changes in the localization or distribution of Cldn-1 and Cldn-4, influence on the TJ barrier function, we next performed the lanthanum penetration assay to assess the inside-out barrier function. TJ has been demonstrated to be located in the SG2 layer.[@B8],[@B9] Consistent with these previous reports, we found a limited lanthanum penetration at SG2 layer in untreated murine epidermis by transmission electron microscope ([Fig. 2](#F2){ref-type="fig"}). In contrast, at 30 minutes after tape-stripping at which time there were distributional changes of Cldn-1 and Cldn-4, an upward diffusion of lanthanum beyond SG2 layer was found, suggesting a defective inside-out barrier function ([Fig. 2](#F2){ref-type="fig"}). However, at 1 hour after barrier disruption, the passage of lanthanum was again restricted at SG2 layer similar to control skin, indicating the restoration of TJ barrier function ([Fig. 2](#F2){ref-type="fig"}). This functional study suggests that the acute SC barrier disruption-induced transient Cldn-1 and Cldn-4 alteration was accompanied by impaired barrier function of TJ and this defect in inside-out barrier function was recovered when Cldn-1 and Cldn-4 expression patterns were normalized.

There have been *in vitro* evidences that extracellular Ca^2+^ plays a key role in maintaining TJ integrity. In simple epithelial cells, depleting Ca^2+^ from the culture medium temporarily dislocate TJ accompanied by weakening of TJ barrier, while switch to high Ca^2+^ reorganized TJ with normal barrier function.[@B10] Recent study has also found that Ca^2+^ depletion in stratified cultures of human keratinocytes caused an altered expression of TJ proteins with decreased barrier function, which recovered following switch to the high-calcium medium.[@B11] Epidermal permeability barrier homeostasis is tightly regulated by epidermal Ca^2+^ gradients.[@B12] Upon barrier disruption, extracellular calcium in the upper epidermis rapidly decreases along with increased TEWL.[@B13] From these findings, we postulated that the mechanisms underlying the rapid and transient alteration of Cldn-1 and Cldn-4 is associated with rapid loss of extracellular calcium in the SG where TJ located. To address this issue, we performed two methods to modulate epidermal Ca^2+^ gradient.

Previous studies demonstrated that immersion of the barrier disrupted skin in high calcium containing solutions delayed barrier repair by preventing the loss of calcium contents from the upper epidermis.[@B14] By the method as previous described, we evaluated the relative changes in Cldn-1 and Cldn-4 expression in the tape-stripped skin which immediately immersed in 1.8 mM Ca^2+^-containing solution or non-immersed skin. There was no obvious change in Cldn-1 and Cldn-4 expression at 15 and 30 minutes after tape-stripping in high calcium solution-immersed skin, whereas non-immersed skin showed decreased staining intensity and discontinuous staining pattern of Cldn-1 and Cldn-4 compared to control skin ([Fig. 3](#F3){ref-type="fig"}). These results show that prevention of the rapid decrease in the upper epidermal extracellular Ca^2+^ inhibits the alteration of Cldn-1 and Cldn-4 expression, suggesting that extracellular Ca^2+^ decrease by acute barrier disruption induces Cldn-1 and Cldn-4 dislocation as early response. We found that the decreased immunoreactivity of Cldn-1 and Cldn-4 following barrier disruption almost recovered their normal expression pattern by 1 hour ([Fig. 1A](#F1){ref-type="fig"}). To investigate whether this subsequent recovery of Cldn-1 and Cldn-4 expression following barrier disruption could be associated with recovery of the calcium gradient, we applied occlusion method to the barrier disrupted animals. It was shown that the rapid artificial restoration of permeability barrier by occlusion with vapor-impermeable membrane inhibited Ca^2+^ gradient recovery following barrier perturbation and consequently delayed barrier recovery.[@B15] The same occlusion method caused a delay in Cldn-1 and Cldn-4 recovery, even at 6 hours after tape-stripping compared with non-occluded group, indicating that inhibition of Ca^2+^ gradient recovery prevented Cldn-1 and Cldn-4 restoration ([Fig. 3](#F3){ref-type="fig"}). Taken together, we concluded that acute loss of extracellular Ca^2+^ in SG layer by tape-stripping induced alteration of Cldn-1 and Cldn-4 expression with impaired TJ barrier function and adequate recovery of Ca^2+^ gradient stimulated restoration of Cldn-1 and Cldn-4 expression. The regulatory mechanisms of epidermal TJ by epidermal Ca^2+^ gradient have not been fully elucidated. One possible explanation is that loss of extracellular Ca^2+^ in the SG might inhibit the signal of E-cadherin, which is important in the formation of functional TJ by a protein kinase C-induced Cldn incorporation into TJ.[@B16]

Regarding the recovery kinetics of the barrier, our results show that the TJ barrier immediately disturbed following SC barrier disruption and then normalized within 1 hour after injury. Moreover, an increase in Cldn-1 and Cldn-4 mRNA and protein started 1 hour after barrier disruption until 6 hours. Based on the recovery kinetic of SC barrier, which includes several steps such as preformed lamellar bodies secretion within 30 minutes,[@B17],[@B18] accelerated lamellar body formation between 2 to 6 hours,[@B17] and increased DNA synthesis within 16-24 hours,[@B19] we found that recovery time of TJ barrier is faster compared with SC barrier. This fast recovery kinetic of TJ in response to barrier disruption might be a compensation mechanism of the skin by enhancing the inside-out permeability barrier and epidermal calcium ion gradient before the full recovery of SC permeability barrier function to maintain homeostasis. These findings of our study are in accordance with previous studies, which observed the enhanced TJ formation in the conditions of abnormal or absent SC barrier such as early stage of wound healing[@B7] and developing fetal skin.[@B20]

In summary, we demonstrated the physiological relationship between the TJ and SC barrier during barrier repair following acute SC barrier disruption.
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![Effect of acute permeability barrier disruption on the expression and localization of TJ proteins, Cldn-1 and Cldn-4 in murine epidermis. Skin samples were taken at 15 min, 30 min, 1 h, 3 h, and 6 h after tape-stripping. Frozen sections (5 µm) were immunostained with Cldn-1 and Cldn-4 primary antibodies (Zymed Laboratories, San Francisco, CA, USA) and an FITC conjugated donkey anti-rabbit IgG, secondary antibody (Santa Cruz, CA, USA) and examined by confocal microscopy. Magnification ×400 (A). The levels of mRNA for Cldn-1 (B) and Cldn-4 (C) were determined using real-time PCR and normalized to that of β-actin. Cldn-1 and Cldn-4 protein expression was determined by western blot analysis of tape-stripped murine epidermis (D and E). β-actin was used as a loading control. ^\*^*p*\<0.05 for Cldn-1 and Cldn-4 mRNA of tape-stripped epidermis compared with that of untreated control. TJ, tight junction; Cldn, claudin. FITC, fluorescein isothiocyanate; PCR, polymerase chain reaction.](ymj-54-523-g001){#F1}

![Effect of acute permeability barrier disruption on the inside-out barrier function of TJ in murine epidermis. Skin samples were taken from untreated skin and barrier-disrupted skin at 30 min and 1 h after tape-stripping. Freshly obtained skin biopsies were submerged en bloc in 4% colloidal lanthanum nitrate and post-fixed in osmium tetroxide and examined by transmission electron microscope. Insets show the enlarged view of upper stratum granulosum (SG) and stratum corneum (SC) layer. Bars: 2 µm. TJ, tight junction.](ymj-54-523-g002){#F2}

![Effect of epidermal Ca^2+^ gradient modulation on the expression and localization of Cldn-1 and Cldn-4 in murine epidermis. Skin samples were taken at 15 min, 30 min, 1 h, 3 h, and 6 h after tape-stripping (TS) with/without immersion in calcium containing solution or occlusion. Frozen sections (5 µm) were immunostained with Cldn-1 (A) and Cldn-4 (B) primary antibodies (Zymed Laboratories, San Francisco, CA, USA) and an FITC conjugated donkey anti-rabbit IgG, secondary antibody (Santa Cruz, CA, USA) and examined by confocal microscopy. Magnification ×400. FITC, fluorescein isothiocyanate; Cldn, claudin.](ymj-54-523-g003){#F3}
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